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(57) ABSTRACT

An adaptive charging protocol (ACP) implemented for
fast-charging a rechargeable battery having electrode termi-
nals connected to terminals of a power supply provided to
apply time-varying voltages to the electrodes, comprising,
betore starting a charging operation for the battery, the steps
of: detecting the existence of historical data on previous
charging operations for the battery; in case of detection,
processing the historical data to adjust charging parameters
in view ol optimizing the charging operation; in absence of
detection, electrically testing the battery to get data on
variations of the state of charge (SOC) for the battery, in
view of building a learning model on the SOC variations to
be used for optimizing the charging operation.
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ADAPTIVE CHARGING PROTOCOL FOR
FAST CHARGING OF BATTERIES AND FAST
CHARGING SYSTEM IMPLEMENTING THIS

PROTOCOL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a national phase entry under 35 U.S.C.
§ 371 of International Patent Application PCT/IB2018/

059756, filed Dec. 7, 2018, designating the United States of
America and published as International Patent Publication
WO 2019/162750 Al on Aug. 29, 2019, which claims the
benefit under Article 8 of the Patent Cooperation Treaty to
Singapore Patent Application Serial No. 10201710131Y,
filed Dec. 7, 2017.

TECHNICAL FIELD

The present disclosure relates to an adaptive charging
protocol for fast charging batteries. It also relates to a fast
charging system implementing this protocol.

BACKGROUND

“How to charge a battery faster?” 1s a question that was
not fully answered for several decades since the inception of
battery storage devices. More importantly charging a
lithium-10n battery faster has become a critical concern due
the rapid and massive use of mobile device technologies and
the increasing demand on the electric vehicles (EVs) and
plugin electric hybrid vehicles (PHEVs) in recent years due
to the urgency to curb the air pollution caused by petroleum-
dominant vehicles. Therefore, a fast charging solution for a
Lithium-Ion battery 1n today’s world 1s a billion-dollar
worth mnnovation.

The aim of the present disclosure 1s to propose a new
charging protocol, which allows fast charging for batteries
with 1mproved performances compared to present fast-
charging technologies.

BRIEF SUMMARY

This aim 1s achieved with an adaptive charging protocol
(ACP) implemented for fast-charging a rechargeable battery
having electrode terminals connected to terminals of a
power supply provided to apply time-varying voltages to the
clectrodes, the protocol comprising, before starting a charg-
ing operation for the battery, the steps of:

detecting the existence of historical data on previous

charging operations for the battery,

in case of detection, processing the historical data to

adjust charging parameters in view ol optimizing the
charging operation;

in absence of detection, electrically testing the battery to

get data on vanations of the state of charge (SOC) for
the battery, in view of building a learning model on the
SOC variations to be used for optimizing the charging
operation.

The adaptive charging protocol may further comprise a
step of detecting battery system requirements and a step of
processing the battery system requirements i view of
optimizing the charging operation.

An adaptive charging protocol (ACP) for fast charging
lithium-1on battery was developed to charge a battery 1n
about 10 minutes time. This 1s a combination of two fast
charging methods that can be applied to any type of battery.
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It works as memory-less charging model as well as a
memory-based charging model. I the historical data about
the battery chemistry 1s available, this protocol automati-
cally gest adjusted to make use of them to provide the best
charging performance. If 1t happens to charge a random
battery, without any historic or specific data, a quick learning
model about its ASOC will be fair enough to charge 1t
quickly and safely. Not only that, it will also consider about
the user’s requirements and some system requirements (as
and when 1t detects them) when adjusting its protocol for
charging. Therefore, this can also be considered as a uni-
versal protocol to fast charging batteries.

Within this protocol, three different methods of fast charg-
ing have been explored

ACP based on Non-Linear Voltammetry (NLV)

ACP based on the Inverse of Polarization (IP)

ACP based on both the NLV and IP, depending on the
adaptive circumstances.

When the adaptive charging protocol implements a Non-
Linear Voltammetry (NLV) method, the charging operation
comprises the following steps:

a Linear Sweep Voltammetry (LSV) step, for a short
duration, the LCV step comprising an analysis of
current and voltage on the battery terminals,

a series of successive Non Linear Voltammetry (NLV)
steps, each NLV step being assigned a next-set voltage
and being followed by a relaxation step for a relaxation
time during which no voltage and/or no current i1s
applied to the batteries terminals, the series of NLV step
continuing until at least one exit-charging criterium
among a group of exit-charging criteria 1s reached.

The next set voltage 1s computed from the following
equation:

di

K,
dt

-Glal)

Where: K 1s a constant value for a certain period during
charging,

dv(w )
dt >

1s a rate of change of cell Voltage V during the charging
process/the step time duration,

dl A/
E (MA/S)

1s the absolute value of a rate of change of charging Current
I during the charging process/the step time duration,

a. 1s a coetlicient comprised between 0.1 and 100.

The relaxation time can be determined depending on the
state of charge (SOC) of the battery.

The adaptive charging protocol may further comprise a
step for training the K-value based on examining the charg-
ing current drawn by the battery versus an expected C-Rate
current for the battery.

Exit-charging criteria may comprise reaching a Target
End Voltage (tev).

Exit-charging criteria may comprise reaching a predeter-
mined level of gained state of charge (SOC) based on a
Coulomb counting.
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Exit-charging criteria comprise determining pattern
matching of a Current profile based on artificial intelligence.
When the adaptive charging protocol implements an
Inverse of Polarization (IP) method, the charging operation
comprises the step of:
analyzing a polarization profile of the battery to be
charged,
calculating a profile for the current to charge from the
power supply into the battery in view of compensating,
less polarized zones within the battery,
The expected current to charge may be computed using
the following equation:

I(ASOC)=-M(n)p

Where:

ASOC 1s the gain 1n state of the charge for the battery at
any time,

M 1s a constant for a certain range of gains ASOC, based
on the ASOC and the battery type,

n is the inverse of polarization in different ASOCs, and

3 1s a constant for the battery, determined by polarization
data.

The adaptive charging protocol can further comprise a
plurality of relaxation steps with predetermined relaxation
durations, during which no voltage and/or no current is
applied to the battery terminals.

The adaptive charging protocol can implement both Non-
Linear Voltammetry (NLV) and Inverse of Polarization (IP)
charging methods, and then implementation of one method
among the NLV or IP charging methods 1s dynamically
decided depending on adaptive requirements 1ssued from the
battery system and/or on information on State ol Health
(SOH) 1ssued from the battery system and/or on calculated
data on the vanations ASOC 1n the State of Charge (SOC)
of the battery.

The adaptive charging protocol can be implemented for
charging a rechargeable battery among a group comprising

lithium-1on  batteries, nickel-metal hydride batteries
(NiMH), nickel-cadmium batteries (N1Cd), lead acid batter-

ies (LAB) and sodium-based batteries (NaS, NaNiCl2).

According to another aspect of the present disclosure, a
system for fast-charging a rechargeable battery 1s proposed,
the battery having terminals connected to internal electro-
chemical cell electrodes and an initial state of charge
(SOC1), the fast-charging system comprising:

a power supply positioned in electrical communication
with the electrodes for providing a controllable time
varying charging voltage applied to the battery termi-
nals, thereby generating a charging current resulting in
charging of the electrochemical cells from the initial
state of charge (SOC1) to a state-of-charge target value
(SOCH),

a charging-control processor for controlling the power
supply,

wherein the charging-control processor 1s programmed

for:

detecting the existence of historical data on previous
charging operations for the battery,

in case of detection, processing the historical data to
adjust charging parameters in view ol optimizing the
charging operation;

in absence of detection, electrically testing the battery to
get data on vanations of the state of charge (SOC) for
the battery, 1n view of building a learning model on the
SOC variations to be used for optimizing the charging
operation.
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The charging-control processor can be further pro-
grammed for processing battery system requirements in
view of optimizing the charging operation.

The charging-control processor 1s further programmed to
implement a Non-Linear Voltammetry (NLV) method.

The charging-control processor 1s further programmed to
implement an Inverse of Polarization (IP) method.

The charging-control processor can be further pro-

grammed to i1mplement both Non-Linear Voltammetry
(NLV) charging and Inverse of Polarization (IP) charging,
and dynamically decide on which charging method to be
implemented, depending on adaptive requirements 1ssued
from the battery system and/or on information on State of
Health (SOH) 1ssued from the battery system and/or on
calculated data on the variations ASOC 1n the State of
Charge (SOC) of the battery.
The fast-charging system can be provided for charging a
rechargeable battery among a group comprising lithtum-ion
batteries, nickel-metal hydride batteries (N1iMH), nickel-
cadmium batteries (N1Cd), lead acid batteries (LAB) and
sodium-based batteries (NaS, NaNi(Cl2)

According to another aspect of the present disclosure,
there 1s proposed a controller for controlling a system for
fast-charging a rechargeable battery from a power supply,
the battery having terminals connected to internal electro-
chemical cell electrodes and an initial state of charge
(SOC1), programmed for:

detecting the existence of historical data on previous

charging operations for the battery,

in case of detection, processing the historical data to

adjust charging parameters in view ol optimizing the
charging operation;

in absence of detection, electrically testing the battery to

get data on variations of the state of charge (SOC) for
the battery, 1n view of building a learning model on the
SOC varnations to be used for optimizing the charging
operation.

The fast-charging controller can be further programmed
to:

process battery system requirements 1n view of optimiz-

ing the charging operation.

implement a Non-Linear Voltammetry (NLV) method.

implement an Inverse of Polarization (IP) method.

implement both Non-Linear Voltammetry (NLV) charg-
ing and Inverse of Polarization (IP) charging, and to
dynamically decide on which charging method to be
implemented, depending on adaptive requirements
issued from the battery system and/or on information
on State of Health (SOH) 1ssued from the battery
system and/or on calculated data on the variations
ASOC 1n the State of Charge (SOC) of the battery.

An adaptive charging protocol (ACP) has been proposed
for fast charging rechargeable batteries including, but 1s not
limited to lithium-1on batteries, nickel-metal hydride batter-
ies (N1MH), mickel-cadmium batteries (N1Cd), lead acid
batteries (LAB) and other sodium-based batteries (NaS,
NaNiCl2). This protocol can be used to charge a battery in
about 10 minutes time and to pick the best method for
charging based on 1ts change 1n state of charge (ASOC) and

on 1ts state of health (SOH).

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present
disclosure will become better understood with regards to the
following description, appended claims, and accompanying
drawings wherein:
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FIG. 1 1s a functional scheme of a fast-charging system
implementing the adaptive charging protocol according to

the present disclosure;

FI1G. 2 1llustrates Voltage and Current Profiles of a NLV-
based Charging Process;

FIG. 3 Illustrates an ACP-NLV Charging Protocol: Pro-
cess Flow:

FIG. 4 1s a Potential range of Initial SOC;

FIG. § illustrates a segment of Current Variation;

FIG. 6 1llustrates the process flow of Training K and
StepTime;

FI1G. 7 illustrates an A K-Value profile during the initial
part of charging, during first (1-2) minutes [(@ about 0%
SOC];

FIG. 8 illustrates an A K-Value profile during the initial
part of charging, during (11-16) minutes [(@ about 40%
SOC];

FIG. 9 illustrates an A K-Value profile during the initial
part of charging, during (23-25) minutes [@ about 95%
SOC];

FIG. 10 represents the process flow of controlling “End
Voltage”;

FIG. 11 represents Voltage and Current Profiles of a
Random Test 1;

FIG. 12 represents Voltage and Current Profiles of a
Random Test 1;

FIG. 13 illustrates NLV Charging: Current versus
K-Value during the NLV-Charge ended in Fully Charged up
to 660 mAh 1 just 23.3 minutes, Random Test 1;

FIG. 14 illustrates NLV Charging: Current versus
K-Value during the NLV-Charge ended in Fully Charged up
to 660 mAh 1 just 25.3 minutes, Random Test 2;

FIG. 15 1llustrates a K-Value variation at Log 10-based
scale;

FIG. 16 1llustrates NLV Charging: “K-Value” and “SOC
versus Time;

FIG. 17 illustrates “K”-Value versus SOC;

FIG. 18 represents results of a Random Test 3, with 13450
Cells: 98% Charge Gain 1n just 22 minutes;

FIG. 19 represents K-Value Voltage ramp compensation
over a drop of current;

FI1G. 20 illustrates Charge Capacity and Discharge Capac-
ity versus Cycle Number during NLV-Based Charging, Avg
Charge Time at 23.45 minutes;

FI1G. 21 illustrates Current versus Time During a Number
of Charge Cycles using NLV;

FI1G. 22 illustrates Voltage versus Time over a Number of
NLV-based Charge Cycles;

FIG. 23 illustrates Polarization and its average Current
Profiles for a battery charge in about 18 minutes with
relaxation;

FIGS. 24 and 25 are tables that provide a close exami-
nation of A and B segments in FIG. 19; and

FIG. 26 1s polarization data for 1 C, 3 C, and 6 C for
13450 lithium-1ion batteries.

DETAILED DESCRIPTION

With reference to FIG. 1, a charger system 1 15 provided
for charging for charging a battery (cell, pack) 2 via an
clectric connection 3. The charger system 1 implements an
Adaptive Control Protocol (ACP) algorithm or a Cascade
Pulse Charging (CPC) algorithm 4. The battery 2 1s moni-
tored by a measurement system 6 for measuring Voltage,
Temperature and Current. From these measurement, Data 6
on Entropy, Enthalpy and Open-Circuit Voltage (OCV) are
calculated and then processed by means of SOC, SOH
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Algorithms to deliver Data 7 on State of Charge (SOC) and
State of Health (SOH) of the battery 2. SOC and SOH Data

7 are processed by the charger system 1.
The general ACP protocol according to the present dis-
closure leads to three charging protocols methods:

ACP based on Non-Linear Voltammetry (NLV)
ACP based on the Inverse of Polanization (IP)
ACP based on both the NLV and IP, depending on the

adaptive circumstances.

ACP based on Non-Linear Voltage (NLV)

Using this method, a battery can be fully charged in about
10 minutes” time. In average cases, 1t will charge the battery
in about 22-24 minutes time. Through a cyclic test, 1t has
proven that this charging protocol hasn’t largely impacted on
the capacity fading. Further, this could be a model for
fast-charging any type of battery as the basis of this protocol
1s to let the battery charge with its” own favorable current at
any point of time, depending on 1ts ASOC and SOH.

Adaptive charging, Non-Linear Voltage changing, and
Relaxation are the key cornerstones of this protocol. Adap-
tive charging allows the system to balance the charging
based on the user’s time requirements, required charge
capacity and the SOC and SOH of the battery. Non-linearly
changing the voltage coupled with a suitable relaxation
pattern allows this method to gain the maximum charge
capacity without straining the battery.

As the cell impedance increases toward the end-of-dis-
charge (EOD) [1], the protocol uses either a high-speed NLV
steps or a configurable constant current (CC) charge at the
starting SOC. If the system couldn’t reach the expected
charge at the end of the NLV-based charging, the adaptive
protocol will decide whether to get use of another CC charge
to gain the balance capacity. Following summarizes the NLV
charging:

A. The NLV-based charging starts with a very short Linear
Sweep Voltammetry (LSV) step. LSV duration 1s configur-
able (e.g., 10 minutes) to speed-up the battery charging at the
start. The time used with LSV will be a few seconds (e.g.,
8 seconds).

B. With the LSV charging Current and Voltage analysis
from the above step, the first NLV step will start. This 1s
entirely based on the following equation:

dv (1 dl\©
Kn = dr( dt ]
where
V=celT voltage (V), 1=charging current (A), t=time (s)
a>1, n>0, dt>0.1 second
Kn>0, change with state of charge (SOC): 0<
Kn(SOC)<200.
Accordingly, the next-set voltage can be found through
this equation.

C. Then the subsequent NLV steps will continue until the
Exit-Charging criteria 1s made:
Equation (1) will be used to calculate the Next-Set-
Voltage after every step. Then, let the battery charge on
that Voltage for a short “step-time (st).” Then, do a
relaxation. This will be iterated until the battery 1s fully
charged as per the users’ target.
The relaxation time (rt>0.1 s) will vary based on the SOC.
During lower SOCs, “rt” 1s decided merely by dl/dt (based
on how good the battery draws high current), and at higher
SOCs, a frequent short relaxation 1s set wrrespective of the

dl/dt.
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The *“step time (st>0.1 s)” will vary based on how good
or bad the battery response (with a current) to a certain
voltage. Based on experimental data: 1s<.st<60 s.

The drawn current will be examined versus the expected
C-Rate current and move 1nto the next step whenever it fails
to make 1t. The “K” value will be trained based on these
outcomes. The relaxation applied after every step-time
based on the SOC.

Managing the “Target End Voltage (tev)” 1s the primitive
key to decide when to stop charging [4.2V<tev<6V]. Based
on experimental data, 4.400 V<tev<4.855 V.

The system will adjust this based on the current drawn
when a “tev” 1s reached. Coulomb counting based Gained
SOC 1s another criterion to exit from NLV. Pattern matching
of Current profile 1s another way (Al based) to decide the
exit.

ACP based on the Inverse of Polarization (IP)

This method intends to analyze the polarization profile of
the type of the battery to be charged. Accordingly, 1t can
automatically calculate what sort of a current profile to be
maintained during charging to fast charge the battery com-
pensating the less polarize zones.

The following equation will be used to derive the
expected Current to charge using this method:

IASOC)=M(n)p

ASOC: This 1s the gained capacity at any point of time
(0%<=ASOC<=100%).

M: This 1s a constant factor for a certain range of ASOC,
but 1t can change based on the

ASOC and the battery type.

n: This is the inverse of polarization in different ASOCs.

3: This 1s a constant for a battery and determines by the
polarization data.

ACP based on both the NLV and IP

This 1s a hybrid method that consists of both the above
methods. Use of NLV or IP or a combination of it will be
defined by the adaptive charging requirements given to the
system. In some SOH situations, the IP-based method waill
not be suitable, but the NLV method will be promising.

But, 1n some other situations, the IP-based method will
make faster charging over NLV. So, the use of which method
at what time 1s totally dynamic and decided based on the
available circumstances. Therefore, having an accurate
ASOC calculation will be important to use this eflectively.

ACP based on Non-Linear Voltammetry (NLV)

This adaptive charging protocol (ACP) 1s based on non-
linear voltammetry-(NLV-) based control over the period of
charging a battery. It allows the battery to charge at an
acceptable Current (Amps) amount at different Voltage
levels based on its own state of health (SOH) and state of
charge (SOC). Therefore, the amount of Current draws into
the battery 1s never controlled or imposed by this protocol at
any time.

Even 1t 1s predictable that a battery can be charged (more
than 80%) 1n less than a 25 minutes using this method, 1t can
get elongated or shortened based on the health (SOH) of the
battery at the time of charging. It also assures better safety
compared to the other fast charging methods [2, 3, 3], which
are mostly imposing the High-Current (I) in different pat-
terns/wave forms. So, most importantly this ACP method
does not strain the battery by drawing a large fixed-load of
clectrons through the cells without taking its health into
consideration.

The equilibrium 1n kinetics of battery-particle dynamics,
such as lithiation/de-lithiation (intercalation/de-intercala-

tion), shooting/floating the 1ons/electrons through the sol-
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vents and separators, transporting charge against the internal
impedance (IR) etc. [4, 6], determine how healthy the
battery 1s/how much of a Current can be taken/given by the
battery-system at a time, during charging/discharging. It 1s
believed that this equilibrium can be expressed as a rela-
tionship between the “Rate of the change, 1n Current (dl/dt)”
and the “Rate of the change, in Voltage (dV/dt).” Therelore,
the following relationship was used 1n forming up this
protocol:

dl
dt

aVv
dt

]a

s
|
~—

where:

Kn: “K-value” 1s a constant for a certain period during
charging.

n>=()

— (volts/secs):

Thus 1s the rate of the change of Voltage (V) during the
charging process [(Vstep-end—Vstep-start)/Step-Time
Duration],

dl A/ _
o (mA/secs):

This 1s the rate of the change of Current (I) during the
charging process in absolute value.

a.: 15 an adjustable coeflicient 100>0>>0 and 1t makes the
room for this equation to seek the non-linear relations
between Current and Voltage based on different types
of battery. This will also be trained by the system to
best suit the charging process.

Further, the relationship for =1 can be simplified as:

dai
dt

dv

K, =
dr

From the literature of Li-10n batteries, it 1s evident that the
chemistries of the battery provide inherent characteristics on
the voltage profiles. Within certain lower voltages (with low
SOC), the cell’s tend to draw a very low Current (due to high
impedance) whereas 1 higher voltages (high SOC with
lower polarization) the potential of drawing High Current 1s
remarkably high [1]. Some cells have a very narrow frame
of a Voltage-range where these High Currents could be
tolerated. So, the fast charging should be applied to keep the
battery in these ranges for a longer time, as much as
possible, until the expected capacity (as much capacity as
possible before the tolerable current drops below a certain
lower level, which would elongate the total charge time) 1s
gained during the charging process.

All examples given below are related to lithium 1on

batteries. However, ACP applies to all types of rechargeable
batteries 1including, and not limited to NiMH, NiCd, LAB,

alkaline cells, NaS, NaNi1Cl2, redox flow (ZnBr, VRB), etc.
The “ACP on NLV” 1s meant for an Adaptive Charging
Protocol (ACP) based on Non-Linear Voltammetry (NLV)

charging. It 1s adaptive as the protocol adapts to several
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user-driven and system/battery-driven factors to adjust its
own charging profile to better response to the given charging
requirements. The user expected charging time (duration),
expected percentage of charge (100%, 80% or 60% etc.),
possible relaxation time and 1nitial state of charge (SOC) are
some of the user driven factors of the adaptation process.
Identitying current SOC has also designed to be processed
automatically using the entropy and enthalpy-based method,
which comes as a system/battery driven factor as well. The
state of the health (SOH), stated (nominal) capacity, safety
voltage range, available accuracy of voltage control and
polarization profile of the battery are some of the automati-
cally detected/system driven factors.

During NLV charging, the battery cell set to a certain
voltage (CV), which 1s non-linearly changing and gradually
increasing at every step. Therefore, the battery 1s charged
based on Non-Linear-Voltage (NLV) for a period over a
series of quick charging steps.

During each of these steps, the cell draws a certain
amount of Current based on both of its State of Charge
(SOC) and State of Health (SOH) at the very specific time.
Then the Current will gradually drop down. How {fast the
current drops at a certain step provides some clue on how
good or bad the battery would like to stay 1n that NLV step.
This way, one can allocate more step-time whenever the
battery 1s keen to draw more Current, and less step-time
when 1t attempts to drastically drop 1ts drawing Current.

After every step, a very short relaxation with zero (0)
Current 1s applied to the system to stabilize with 1ts new
charge and thus the OCV will drops to 1ts stable (or almost
stable) level. This creates a better chance [7, 8] for the next
NLV charge-step to gain the optimal Current based on its
status without imposing a high current beforechand. In this
way, the protocol trains the cell to be stable and healthy (as
much as possible, also without wasting much time on too
long relaxation) after every step and better prepare 1t for the
next step to gain more current than 1f it was done without the
relaxation. But, 1f the amount of current-drop 1s not signifi-
cant for a certain step, the system allows to stay longer 1n
that step without moving to the next step. In this case, the
rate of current-drop and a maximum allowed time for such
continuation of a step 1s monitored to decide the time to
move to the next step.

The system decides the “maximum allowed time for such
continuation of a step” based on adaptation parameters. So,
whenever a rapid drop of the current or exceeding of the
“maximum allowed time for a step” 1s detected, the system
moves to the next charging step. Therefore, the actual time
it takes for a tull-charge depends on both the SOC and SOH
of the battery.

Further, the charging system takes three parameters to
determine the end of charging. First, 11 the battery 1s fully
charged based on the stated and gained capacities. The
Second 1s if the maximum-target-end-voltage 1s reached.
The “target-end-voltage” 1s adjusted automatically by the
system based on the polarization data of the relevant battery
type/chemistry. The Third, and optional, factor 1s a seli-
learning model of the charging profile to determine the state
of charge based on the real-time parameters at the time (by
examining for a certain window of time) of charging.

FIG. 1 shows a profile of Current and Voltage during the
NLV charging process. Some steps have taken longer time
staying 1n the same voltage compared to the others. Mostly
these steps draw more Current without drastically dropping
over-time. So, the system 1s more stable and has the potential
to accept more current and transport more charge within the
cell. In addition, it 1s also clear, at the beginning, each
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voltage-step has given a very short duration and rapidly
changed until 1t starts drawing some high-current. This 1s
also a good example of battling against the high polarization
at the lower SOCs [9, 10].

Also, a frequent relaxation has applied during this period.
Similar situation can be seen at the end where the steps were
frequently changed with multiple-relaxations, this 1s when
the Drawn High Current 1s not that stable and tend to drop
very rapidly.

FIG. 2 shows the NLV-based charging process as a flow
diagram of important processes. Followings section will

explain the details of each of these main processes.

|A] Discovery of Initial SOC

This 1s an optional process as the system depends on the
SOC gain. Having this measured using any external methods
will also help the system to improve 1ts performance.

Therefore, several methods have been explored to deter-
mine the mitial SOC. The thermodynamic-based SOC pre-
diction using fuzzy logic 1s one of the accurate and faster
methods, which have been i1dentified. Some other potential
methods can also be found 1n literature [11, 12]. So, the
system not only caters the charging from 0% (SOC) to 100%
(SOC) but also supports any partial charging. This initial
SOC (if available) can also be used to determine the initial
“K” value, with reference to FIG. 3.

|[B] Imitialize ACP-NLV Charging,

Initialization parameter of this protocol can be catego-
rized 1n to two main sections:

1) User Preference Parameters

a) Expected Time-Duration (E'TD) for charging: whether
to charge 1 15 minutes or 30 minutes, efc.

b) Enable Constant Current [CC] Leverage: Opting this
will enforce the system to use CC-based leverage
before applying the NLV-based charging. But this 1s
optional. The default current for this CC-Charge 1s 3 C
and the time duration 1s 3 minutes. But those are
configurable.

2) System Parameters

a) start Voltage: the OCV of the battery just before
charging starts.

b) nlvStatedCapacity (SC): the manufacturer defined/
experimentally proved capacity of the battery. This will
be used to calculate the C-Rate.

¢) nlvSteplnterval (CST): the duration of a 1 step of
charging/nlv charging. The NLV Charging models
through a series of short steps. During each step, the
next expected voltage 1s calculated, charged and update
the relevant parameters.

d) nlvStepsPerFrame (CFS): the number of steps to be
considered as a Frame.

The Frame 1s a set of adjacent steps bundled-up to apply
some mathematical formulas (average derivative of I and V)
to determine the next potential Voltage. The entire frame will
be filled for the very first time by a series of known LV-based
charging steps equivalent to the number of steps within a
frame (CFS). Subsequently, after every step (CTS), only the
last element of the frame will be updated with the new data
and all the other elements will be shifted one place back-
ward, making the first element discarded. This will be
carried-out during the entire charging process.

¢) frameCurrentArr: the frame array of currents, which
will get updated after every step-time (C1S) duration.

1) frameVoltageArr: the frame array of currents, which
will get updated after every step-time (C1S) duration.

o) nlvInitialSlopeDuration: this i1s the time duration taken
for the Linear Voltammetry- (LV-) based charging.
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h) IvEquation: the linear equation, which 1s used to
generate the LV values for the very first stage [to fill up
the first Frame] of NLV charging.

1) nlvEndTarget Voltage: the End voltage for the LV-based
charging calculations. This 1s 4.2V by default.

1) nlvInitVoltArr: the voltage array of frame-size (CFS)
with LV-based voltage steps.

k) nlvKValue: the first/default Kn value to start with
[supposed to be predefined by the LV-based analysis on
the battery]. Later, this will be trained by the system to
support faster-charging.

1) minVoltage and maxVoltage (Vmax, Vmin): the min/

max voltages supported by the system for safety pur-

pose.
m) cRateReallime: based on the drawn current, the
real-ttime  C-Rate will be measured: e.g.,

C-Rate=Current/nlvStatedCapacity

n) cRateMinExpected: the minimum required C-Rate to
expect 1 the system 1s to fully charge in E'TD time
defined above.

0) cRateDrop Threshold: this 1s the “Considerable drop of
Current” that will be allowed within a single Voltage-
step. If the C-Rate drops below this threshold, the
system shifts to the next step.

p) nlvElapsedChargeTime: [nlvECT] 1s the time duration
taken for charging at any given time.

|C] Apply CC [Constant Current] Charge for 3 minutes

If this mode 1s opted, a 3 C Constant Current (CC) will be
applied for a shorter period to leverage the battery toward
fast-charging. The default period 1s 3 minutes, but both the
CC current and this short period 1s configurable.

While CC charging, a relaxation [C.1 REST, “0” current
for a 1 step-time (CTS)] 1s applied after every tenth step.
Once, the CC-based charging 1s completed, a longer relax-
ation (3 CTS) 1s applied before moving to the next Process.

[D] Imitial-Frame. LV-Based Charge

This step 1s used as the initialization/kick-start process for
NLV charging. For the NLV process to calculate the next-
non-linear-set-voltage, a frame of Current and Voltage val-
ues 1s required. Therefore, as a starting point, some other
methods are needed for a very short period (1 frame dura-
tion) to charge the battery. This will also gain some capacity
that will push the battery away from the lower SOC stages
where a high polarization 1s hindering the fast charging.

Therefore, any of the following methods are suitable for
this kick-start:

Linear Sweep Voltammetry- (LSV-) based charging

Linear Sweep Amperometry- (LSA-) based charging.

To simplity the explanation, LSV has been used as the
kick-start method:

1. Read the Start-Voltage (V start) of the battery, after the

above relaxation.

2. Read the expected mnitial End Voltage (V imit-end) of
the battery.

This 1s set to gain more range 1n high voltage without
harming the battery.

3. Use Linear Voltammetry (LSV) and get an array
larray-lv] of voltage elements to start the charging
process.

V next=V start+time-interval™ V slope

V slope was taken as to charge the battery in 20 minutes
time [1f ETD=20 minutes]
4. Define the following configuration parameters:

a. Measure Interval (ts)
b. Step Interval (dt) [CTS by default]
c. Number of Steps per Frame (frame-size, CFS)
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d. Stated capacity (Capacity-stated)

¢. Maximum Voltage allowed (V max-end)

f. VoltageFrame array size of “frame-size”

g. CurrentFrame array size of “frame-size”

5. Take a frame of steps from the LV array

Select a sub-array of “frame-size” elements from “array-
Iv” as defined 1n step 3.

6. Start applying Linear Voltammetry-based charging
through “array-lv-" based voltage series, just for a 1
frame of duration. Measure current and voltage at each
step and {1ll into the relevant Frame-arrays. These will
be used to calculate the Slope of Change 1n Current and
Voltage.

|[E] Update Data Frame (V. T T) and Capacity
Updating the Voltage (V), Current (I), and Temperature

(T) should be done after every step. Theretfore, for each step,

the update 1s taken place just before triggering the next step.

So, the current taken to calculate the Capacity gain 1s the

minimum current during that C'1S time frame (2 seconds in

default case). Further:

From “Update Path X.,” every time the incoming/new
reading will be stored as the next-element in the frame. As
the “process D will be continued only for CFS number of
times, the frame will be completely filled with the comple-
tion of the “process D.”

From “Update Path Y,” every new/next reading will be
stored as the last element of the frame. All 1ts previous data
will be pushed back from 1 position. So, every time the very
first 1tem of the frame will be wiped-oil.

VoltageFrame and CurrentFrame arrays will be filled to
store the frame values and will be continuously updated
during the charging process.

Updating the Capacity:

A simple method to calculate the SOC (%) at time t 1s to
use the Coulomb counting in real-time:

ff(’r)d*r
0

HOFH

SOC(H) = SOC(0) + 100x

where

SOC(0) 1s the mitial SOC at t=0, Q,__ 1s the cell nominal
capacity, /() 1s the time dependent current and *“dt” 1s
time duration of a step, with reference to FIG. 5.

The default “Step-time™ has set as 2 seconds. So, when-
ever some Current draws by the battery, the relevant capac-
ity gain will be calculated based on the above equation
(C=Ixt: CurrentxTime). Then it will be updated to the main
capacity-gain. This will be used in the protocol to define the
SOC, and subsequently to control over the parameters for
changing SOC.

There 1s no capacity calculation during a relaxation step.

|[F] Discover Next “Set-Voltage™ based on NLV [Calcu-
late Derivatives]

1. Use the VoltageFrame and CurrentFrame arrays for the
following calculation and define the “Next-NLV-based-Volt-
age (V-nlv-next).

a. Calculate the Average of the derivatives of the Current

(d[I]/dt (mA/seconds)) for the running Frame

b. Take the last Voltage from the “VoltageFrame™ (“V-

nlv-prev’”’)

c. Define the “K-Value”

1. For the very first time, this will be a predefined value
based on the LV analysis for a 20 minutes (ETD) LV

charge on this type of battery
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1. For the subsequent processing, the system will train
the “K-Value” based on a set of parameters (such as
drawn C-Rate, rate of current drop within a step,
SOC and etc. This will be described under the
section on “Manage Self-Trained “K™).”

d. Define the V-nlv-next as below:

V-nlv-next=V-nlv-prev+K-Value* [{ 1/(d[I]/dt(mA/sec-
onds)) } *dt]

¢. Examine the previous NLV-step to identily whether
there 1s a current drop or an increment, and if there 1s
a drop (Idrop=[(Ix+1 -Ix)/1x)]) then apply voltage
compensation to reduce the rate of next voltage ramp.

V-niv-next=V-nlv-next-Idrop™(V-niv-next— V-nlv-
prev)

2. T, Temperature will also be used to ensure the safety of
the battery during charging.

Whenever the temperature rises above the satety limit, the
charging will be kept on hold and the system relaxed for a
predefined amount of time duration until resumed, when the
expected temperature range 1s secured.

|G] Charge with NLV

1. Set the “V-nlv-next” to the battery

a. Read the Current (realtimeCurrent) and Voltage (real-

timeVoltage) soon after this setting.

b. Read Current and Voltage after “Step Interval”.

c. Average the above two and update the last entry of the

VoltageFrame and CurrentFrame.

2. Read the drawn current soon after setting the V and
compare for safety limits to avoid any damages in case of
any unexpectedly high current. Otherwise, wait for the CTS
duration until the next ““NLV-Set-Voltage” 1s set. There 1s
no enforcement on the Current. The system only measures
the Current and Voltage at its finest possible frequency.

[H] Manage Seli-Trained “K” and GI1 Manage Step Time

]a

Above equation 1s used to determine the NLV-based Set
Voltage at every single charge step. But the Kn 1s also
changing based on a set of factors. Following are the main
factors used to control 1t:

“Expected C-Rate: cRateExpected” to ensure fully
charge, achieving the required amount of Capacity, within
the Required time-duration.

Based on the users’ preference/requirement on the
“Charge Time” and the “Charge Capacity,” the system can
calculate the minimum C-Rate (“Expected C-Rate”) that has
to be maintained continuously or as the average during the
entire period of charging. The protocol uses this information

di
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to control over the Kn and step time by comparing 1t with the
C-Rate (“Real time C-Rate: cRateReallime (CRRT)”)
driven by the real-time-current 1n every charge step.

Whenever a high “Real time C-Rate” 1s drawn, the Kn
kept as low as possible. And the Step-Time increases as
much as possible. At the same time, 1t will not allow the
“Step-Time™ to exceed “maximum allowed time for a step”
without applying the relaxation. But, i1 the system draws a
high “Real time C-Rate” even after a relaxation, 1t allows the
same Voltage-Step to continue until a “Considerable drop of
Current” (this 1s a configurable parameter by the system) 1s
identified. Then 1t will decide to move to the next voltage
step.

“Flapsed Charge-Time: timeElapsedCharge” to ensure
that the required charging 1s achieved within the expected
time duration.

This will also work as a factor of the state of charge
(SOC). When 1t reaches the end segments of the expected
charging duration, the system will increase the charging
frequency by reducing the Step-time and increases the Kn to
a higher value to rapidly sweep through the non-linear
voltage change.

But if the system draws a current of nearly or within the
range of “Expected C-Rate,” the system will keep a nominal
range of step-time and Kn value.

“C-Rate  dramning duration: timeWaitedForExpect-
edCRate” to try and push the system to get out of such
high-resistant charging windows.

Whenever the system detects that the drawing Current at
a certain Voltage step 1s way below the “Expected C-Rate”
threshold, 1t will try to pass through that steps as quickly as
possible. Therefore, the “Step-Time” will be reduced.

But, 1f this occurs at the very mitial stage (at Low SOC),
the Kn value will be largely increased to step-up the voltage
from a large amount.

If 1t occurs toward the end of charge, the Kn value will
kept at a moderate level as the can still have to charge to gain
more capacity. Here the expectation of the C-Rate” can drop
down to a half of 1ts full expectation as well.

When the “Step-Time” 1s reduced in this case, the system
tries to speed-up sweeping through charge steps. So, in some
cases, the drawn Current may again rise-up. But on other
cases, 1t may remain at a lower C-Rate. In such lower cases,
the Kn value will be set to a very high value until a
considerably acceptable level of Current could be drawn by
the battery. Whenever 1t start-back drawing high C-Rate
current, the Kn value will be lowered, yet the “Step-Time”
kept small to pass through this diflicult period as fast as
possible while gaining the maximum possible charging even
within that period.

The control logic and the reference table, which were used
for the reference protocol based on the above claims, are as
follows:

TABLE 1.1

Reference Table for different levels of “cRateExpected”

Expected C-Rate
Threshold levels

Value for
the Reference
Protocol shown
in this write-up
[cRateExpected =

cRatebExpectec
cRatebExpectec
cRatebExpectec

Value 3C, to charge in 20 mins]
O35 (CREOS5) cRateExpected + 80% * 1C 3.6 C
04 (CREO4) cRateExpected + 60% * 1C 3.6 C
O3 (CREO3) cRateExpected + 30% * 1C 33C
02 (CREO2) cRateExpected + 10% * 1C 31C

cRatebExpectec
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TABLE 1.1-continued

Reference Table for different levels of “cRateExpected”

Value for
the Reference
Protocol shown
in this write-up

Expected C-Rate [cRateExpected =
Threshold levels Value 3C, to charge 1in 20 mins]
cRateExpectedO1 (CREO1) cRateExpected 3.0C
cRateExpectedL1 (CREL1) cRateExpected — 50% * 1C 25 C
cRateExpected.2 (CREL2) cRateExpected — 90% * 1C 2.1C
cRateExpectedL3 (CREL3) cRateExpected — 130% * 1C 1.7 C
cRateExpectedl4 (CREL4) cRateExpected — 150% * 1C 1.5 C
TABLE 1.2

Reference Table for different levels of “nlvKValue TrainedFactor”

Trained KValueValue for the
Reference Protocol shown in
this write-up [cRateExpected =
3C, to charge i 20 mins]

NLV K-Value Traimning Factor Levels Default K = 6.4322,
[Trained K Value = k_T] Value “trainedKVaue” as “K” below.
nlvKValue_TramedFactorlL1 (k_TFL1) /16 K = 0.4020125
nlvKValue TrainedFactorl.2 (k TFL2) /14 K = 0.459442857142857
nlvKValue_TramedFactorL.3 (k_TFL3) 1/12 K = 0.536016666666667
nlvKValue TrainedFactorl4 (k_ TFL4) 1/10 K = 0.64322
nlvKValue_TramedFactorLL5 (k_TFL5) 1/9 K = 0.7146888383888%9
nlvKValue TrainedFactorl.6 (k_ TFL6) 2/3 K = 4.288133333333333
nlvKValue_TrammedFactor (k_TF) 1 K = 64322
nlvKValue_TramedFactorH1 (k TFHI1) 3/2 K = 9.6483

nlvKValue_ TramedFactorH2 (k TFH2) 9 K = 57.8898
nlvKValue_TramedFactorH3 (k TFH3) 27/2 =135 K = 86.8347

nlvKValue TramedFactorH4 (k. TFH4) 18 = 115.7796
nlvKValue_TramedFactorH5 (k_TFHS) 81/4 = 20.25 K = 130.25205
nlvKValue TramedFactorH6 (k. TFHO6) 45/2 = 22.5 K = 144.7245

TABLE 1.3

Reference Table for different ieves of “timeWaitedForExpectedCRate”

Value for
the Reference
Protocol shown
in this write-up

[cRateExpected =
3C, to charge
The “timeWaitedForExpectedCRate™ Number in 20 mins]
Levels [t WFECR] ol Steps 1-Step Time = 2 secs
timeWaitedForExpectedCRate_1 (t. WECRI) 5 10 secs
timeWaitedForExpectedCRate 2 (t. WECR2) 8 16 secs
TABLE 1.4 5 TABLE 1.5
Reference Table for different levels of “timeElapsedCharge” Reference Table for different levels of “stepTimefactor”
Value for Value for
the Reference the Reference
Protocol shown Protocol shown
in this write-up 60 in this write-up
As a [cRateExpected = [cRateExpected =
Percentage 3C, to charge 3C, to charge
The “timeElapsedCharge” stages of SOC in 20 mins] The “stepTimeFactor” levels in 20 mins]
[tST = time Step Time] Value StepTime [CTS] = 2 secs
timeElapsedCharge 1 (tEC1) 20% 5 Mins
timeElapsedCharge 2 (tEC2) 60% 10 Mins 65 stepTime Factor LI (tSTFL1) 1/2 nlvStepSize = 1 secs

stepTime_Factor (tSTF) 1 nlvStepSize = 2 secs



US 11,677,102 B2

17
TABLE 1.5-continued

Reference Table for different levels of “stepTimefactor”

Value for
the Reference
Protocol shown
in this write-up
[cRateExpected =
3C, to charge

The “stepTimeFactor” levels in 20 mins]

[tST = time Step Time] Value  StepTime [CTS] = 2 secs
stepTime_Factor H1 (tSTFH1) 5 nlvStepSize = 10 secs
stepTime_Factor H2 (tSTFH2) 8 nlvStepSize = 16 secs
stepTime_Factor H3 (tSTFH3) 9 nlvStepSize = 18 secs
stepTime_Factor H4 (tSTFH4) 10 nlvStepSize = 20 secs
stepTime_Factor H5 (tSTFHS) 12 nlvStepSize = 24 secs

The flow 1 FIG. 6 explains how the K-Value and Step-
Time are controlled based on the parameters shown in the
above tables [1.1-1.5]:

As per the FI1G. 7, the “Detfault K (K*k_TF)” and “Default

Step Time” will be used only for the very first step 1n
NLV-based charging. For all the subsequent steps, the above
training algorithm will be applied and find the best suitable
“K Value” and “Step Time.”

Therefore, 1t 1s guaranteed that these parameters get
adjusted based on the SOC and SOH of the battery, which

causes the possible drawn Current to be different.

As 1llustrated by FIG. 7, whenever the drawn C-Rate 1s
very low, the K-Value has rapidly increased. Yet, the current
has tempted to increase gradually at a space where the
battery 1s capable of handling it.

Also, when the C-Rate 1s high, the K-Value decreases, the
K-Value decreases to a very low value only when the system
attempts to draw a current, which has the C-Rate closer or
above the expected C-Rate.

As 1llustrated by FIG. 8, when the SOC 1s about half of the
tull-capacity, the K-Value becomes very low as the battery
has a high potential of drawing high Current.

As 1llustrated by FIG. 9, when the SOC 1s close to the
tull-capacity, the K-Value becomes fluctuating rapidly and
tries to maintain a high drawing Current.

[J] Adjust the “Target End Voltage™

The 1dea of having an Adjustable “Target End Voltage” 1s
to enhance the gain capacity depending on its SOC and
SOH. Whenever the battery has a good SOH, a major part
of the charge capacity can be drawn within a lover voltage
range. So, the system sets a “Default Target End Voltage™ as
an exit point for the NLV charging at the beginning. When-
ever the real-time-voltage of the battery reaches this
“Detault Target End Voltage,” the system checks the C-Rate
driven by the real-time Current at that time. Then based on
this C-Rate, the system determines whether to increase the
“Target End Voltage™ and continue charging or stop charging
at this point. To determine this based on the C-Rate, there are
two methods considered 1n the protocol:

The Specific Polarization Profile-based Acceptable “Tar-
get End Voltage™

Here the system needs the pre-processed information
about the polarization profile of the battery type, which 1s
used as the target for Charging. Therefore, the protocol
should be tuned for diferent battery types.

The Detfault “Target End Voltage™ Table

This 1s intended to serve as a universal controller for the
End Voltage for any battery type. Also, this table form-up as
an average polarization profile, which can be used whenever
the “Specific Polarization Profile” 1s not available for the
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battery type being targeted for charging. It also intends to
train 1tself based on the charging statistics.
Following Table 1.6 1s used as the “Default End Voltage

Table” for the reference protocol, which was explained here:

TABLE 1.6

The Detault End Voltage Table based on empirical data

C-Rate of the
Last Drawn Current

(Rounded to an Int)

Adjusted End Voltage
[when the Default
“End Voltage” = 4.65 V]

1C 465V
2C 4775V
3C 4.8V

Table 1.6 corresponds to the End Voltage values 1f the
“Detault End Voltage™ was selected as 4.65 V. But this 1s

again a customizable parameter where i1t can change under
system/user preferences. Yet, the intention 1s to have a range
for this based on the battery type/chemistry. Therefore, as a
global control logic, handling the “Adjustable End Voltage™
can be shown as below, FIG. 10.

K] Exit Criteria

There are three diflerent criteria to decide on when to stop
the charging process.

1. Once the system reached the “Maximum End Voltage”

2. Once the battery gained the required tull capacity

3. Learning-based Current Profile Comparison

If the current profile closely matches with that of any
previous current profiles seen during similar exit situations,
the learning algorithm intends to improve on its exit profile.
Depending on the availability of the above three methods,
the same precedence as 1, 2 and 3 will be considered to
decide on whether to exait.

|L] Manage REST

Managing the Rest 1s always applying zero (0) Current to
the battery. The charge cycles will pass-over during this Rest
period.

[M] Exit NL V

Once at least one criterium 1s made, the NLV charging
will stop. But, depending on how much of a capacity-gain
was reached, the system decides whether to go through
another round of CC [with 2C constant current charging] or
NLV again.

[IN] Apply End-CC

Constant Current charging at 2 C will be applied during
2 minutes at the end of NLV chargmg to galn further
Capacity 1f the NLV driven capacity i1s not suilicient com-
pared to the target. This Constant Current and 1ts Duration
1s configurable as the system parameters.

With reference to FIGS. 11 and 12, this 1s an average
profile of the tests, which went up to 24 cycles without any
1ssue, until 1t was stopped purposely.

Multi-Stage k-Value Management

The K-Value 1s changed based on how best the battery can
draw the expected C-Rate of current of above. If 1t draws a
very low C-Rate, the K-Value will be rapidly increasing to
model a sudden spike 1n Voltage and subsequently results in
high current. I it draws the expected C-Rate or higher, the
K-Value changed to very low and tries 1ts best to gain the
maximum possible charge with that high-current charging.
In other cases, the K-value changed to maintain the expected
C-Rate all the time, as much as possible.

FIG. 13 1llustrates NLV Charging: Current and K-Value
versus Time during the NLV-Charge ended in Fully Charged
up to 660 mAh 1n just 23.3 minutes, Random Test 1.
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FIG. 14 1llustrates NLV Charging: Current and K-Value
during the NLV-Charge ended in Fully Charged for 660
mAh 1n 25.3 minutes, Random Test 2.

A vaniation of K versus Time in a Logarithmic Scale 1s
represented i FIG. 15,

For NLV charging; the variation of “K-value” and SOC
versus Time 1s represented 1in FIG. 16, while the evolution of
“K”-value versus SOC 1s represented i FIG. 17.

The graph in FIG. 18 shows the charging-profile of the
NLV-based adaptive charging protocol applied to 13450
cells. This has charged a battery of 700 mAh stated-capacity
in just 28 minutes up-to 99% charge with a gained-capacity
of 695 mAh.

During the process,

it has gained over the 2C-based charge during a half of its
process.

also a quarter of 1ts full charging time was drawing the
current above 3 C and this has occurred at the very end.

The highlighted segment was further analyzed to envisage
the workings 1n the protocol.

Analyzing around 100 samples from the highlighted sec-
tion i FIG. 19:

Selected K: This 1s the K that was pre-selected and

injected to the AC

Generated K: This 1s the K that was re-calculated based on
the derived “V-nlv-next” using the above K.

Both of the above K are multiplied by 1000 to show the
variation clearly in the following graph.

As shown 1n the next section, this variation seen 1n the
“Generated K7 versus “Selected K” 1s due to the
precision error as the Voltage rise 1s always 1n very
small amounts (mV).

The A and B segments shown above have been examined

closely 1n the next section with reference to FIGS. 24 and 25:

A: Generated K 1s the same as the Selected K during this
period.

B: Generated K has deviated from the Selected K during
this period.

The above “B” segment 1s shown in the rectangular frame

in the table of FIG. 25.

The “AVG (Abs (dl/dt))” and “dV/dt” are calculated for
respective Current and Voltage variations collected during
the charging process.

*Further, the formation of [dl/dt (n-1)] and [dl/dt (n-2)]
can be realized by review of FIG. 25.

As shown 1n FIG. 25, the Current has dropped during this
“B” segment. Therefore, both the dl and dv has shown a
sudden hike or a drop. This has caused the multiplication
precisions to make a deviation 1n their product.

Comparison ol Charge Capacity and the Usable Dis-
charge Capacity

FIG. 20 shows that the Discharge capacity maintain
almost constant at around 630 mAh, which 1s about 97% of
the stated capacity of the battery. Therefore, 1t proves that
this NLV-based charging method doesn’t contribute much
into capacity fading over time.

This 1s a very good advantage over other competitive Fast
Charging methodologies, which are mostly based on directly
imposing high current.

FIGS. 21 and 22 show that even after multiple cycles of
NLV-based charging, still the charging profile of current and
voltage stays mostly the same. This 1s another proof to show
that the cells are not damaged due to this fast charging
process.

ACP based on the Inverse of Polarization (IP)

This method intends to analyze the polarization profile of
the type of the battery to be charged. Accordingly, 1t can
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automatically calculate what sort of a current profile to be
maintained during charging to fast charge the battery com-
pensating the less polarize zones. The following equation
will be used to derive the expected Current to charge using
this method:

I(ASOC)=M(n)p

ASOC: This 1s the gained capacity at any point of time
(0%<=ASOC<=100%).

M: This 1s a constant factor for a certain range of ASOC,
but 1t can change based on the ASOC and the battery

type.

n: This is the inverse of polarization in different ASOCs.
3: This 1s a constant for a battery and determines by the

polarization data.

Using the above equation as the basic principle, number
of tests were done to derive the best current profile for faster
charging based on the polarization data. Also, different
relaxation durations were applied to protect the battery
health during charging.

Polarization Data

FIG. 26 shows the polarization data for the 134350
Lithium-Ion battery cells when charging at high currents of
C, 3C and 6C at every 5% of state of charge (SOC).

Accordingly, the 1 (inverse of polarization) gives the base
to determine the possible Charging Current based on differ-
ent SOCs. With the information of how long the system 1s
grven to charge the battery, it can interpolate the best current
profile with 1ts relaxation patterns to be used.

FIG. 23 shows an example of an average current profile
to charge the battery 1in about 18 minutes with relaxation.
Also, 1t can be used to charge the battery less than 14
minutes without relaxation.
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The 1nvention claimed 1s:

1. An adaptive charging protocol (ACP) implemented for
fast-charging a rechargeable battery having electrode termi-
nals connected to terminals of a power supply provided to
apply time-varying voltages to the electrodes, the protocol
implementing a Non-Linear Voltammetry (NLV) method
and comprising, before starting a charging operation for the
battery, the steps of:

detecting an existence of historical data on previous

charging operations for the battery,

in case of detection, processing the historical data to

adjust charging parameters in view ol optimizing the

charging operation; and

in absence of detection, electrically testing the battery to

get data on variations of a state of charge (SOC) for the

battery for building a learning model on the SOC
variations to be used for optimizing the charging opera-
tion,

wherein the charging operation comprises the following

steps:

a Linear Sweep Voltammetry (LSV) step, for a short
duration, the LSV step comprising an analysis of
current and voltage on battery terminals, and

a series of successive NLV steps, each NLV step being
assigned a next-set voltage and being followed b a
relaxation step for a relaxation time during which no
voltage and/or no current 1s applied to the battery
terminals, continuing until at least one exit-charging
criterion among a group ol exit-charging criteria 1s
reached.

2. The adaptive charging protocol of claim 1, further
comprising a step of detecting battery system requirements
and a step of processing the battery system requirements 1n
view ol optimizing the charging operation.

3. The adaptive charging protocol of claim 1, wherein the
next set voltage 1s computed from the following equation:

K, =

dV (dI?
dt (dr]
where Kn 1s a constant value for a certain period during
charging,
dV/dt (V/s) 1s arate of change of cell Voltage V during the
charging process/the relaxation step time duration,

dl/dt (mA/s) 1s the absolute value of a rate of change of
charging Current I during the charging process/the step
time duration, and

a. 1s a coetlicient between 0.1 and 100.

4. The adaptive charging protocol of claim 1, wherein the
relaxation time 1s determined depending on the state of
charge (SOC) of the battery.

5. The adaptive charging protocol of claim 1, further
comprising a step for training the K value based on exam-
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ining the charging current drawn by the battery versus an
expected charging rate current for the battery.

6. The adaptive charging protocol of claim 1, wherein
exit-charging criteria comprise reaching a Target End Volt-
age (tev).

7. The adaptive charging protocol of claim 1, wherein
exit-charging criteria comprise reaching a predetermined
level of gained state of charge (SOC) based on a Coulomb
counting.

8. The adaptive charging protocol of claim 1, wherein
exit-charging criteria comprise determining a pattern match-
ing of a current profile based on artificial intelligence.

9. The adaptive charging protocol of claim 1, implement-
ing an Inverse of Polarization (IP) method, wherein the
charging operation comprises the steps of:

analyzing a polarization profile of the battery to be

charged,

calculating a profile for the current to charge from the

power supply into the battery i view of compensating
less polarized zones within the battery.

10. The adaptive charging protocol of claim 9, wherein

the expected current to charge 1s computed using the fol-
lowing equation:

I(ASOC)=M(n)B

where: ASOC 1s a gain 1n state of the charge for the battery
at any time,

M 1s a constant for a certain range of gains ASOC,
based on the ASOC and the battery type,

n is the inverse of polarization in different ASOCs, and

3 1s a constant for the battery, determined by polariza-
tion data.

11. The adaptive charging protocol of claim 10, further
comprising a plurality of relaxation steps with predeter-
mined relaxation durations, during which no voltage and/or
no current 1s applied to the battery terminals.

12. The adaptive charging protocol of claim 1, imple-
menting both Non-Linear Voltammetry (NLV) and Inverse
of Polarization (IP) charging methods, wherein implemen-
tation of one method among the NLV or IP charging methods
1s dynamically decided depending on adaptive requirements
issued from the battery system and/or on information on
State of Health (SOH) 1ssued from the battery system and/or
on calculated data on the varnations ASOC 1n the State of
Charge (SOC) of the battery.

13. The adaptive charging protocol of claim 1, imple-
mented for charging a rechargeable battery among a group
comprising lithium-ion batteries, nickel-metal hydride bat-
teries (N1IMH), nickel-cadmium batteries (N1Cd), lead acid
batteries (LAB) and sodium-based batteries (NaS,
NaNiCl2).

14. A system for fast-charging a rechargeable battery, the
battery having terminals connected to internal electrochemi-
cal cell electrodes and an 1nitial state of charge (SOC1), the
fast-charging system comprising:

a power supply positioned 1n electrical communication
with the electrodes for providing a controllable time
varying charging voltage applied to the battery termi-
nals, thereby generating a charging current resulting in
charging of the electrochemical cells from the initial
state of charge (SOCi1) to a state-of-charge target value
(SOCY),

a charging-control processor for controlling the power
supply programmed for:
detecting an existence of historical data on previous

charging operations for the battery,
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in case of detection, processing the historical data to
adjust charging parameters for optimizing the charg-
ing operation; and

in absence of detection, electrically testing the battery
to get data on variations of the state of charge (SOC)
tor the battery for building a learning model on the
SOC variations to be used for optimizing the charg-
Ing operation

wherein the charging-control processor 1s further pro-

grammed to implement a Non-Linear Voltammetry

(NLV) method and to implement the following steps:

a Linear Sweep Voltammetry (LSV) step, for a short
duration, the LSV step comprising an analysis of
current and voltage on battery terminals, and

a series of successive NLV steps, each NLV step being
assigned a next-set voltage and being followed by a
relaxation step for a relaxation time during which no
voltage and/or no current 1s applied to the battery
terminals, continuing until at least one exit-charging
criterion among a group ol exit-charging criteria 1s
reached.

15. The fast-charging system of claim 14, wherein the
charging-control processor i1s further programmed for pro-
cessing battery system requirements for optimizing the
charging operation.

16. The fast-charging system of claim 14, wherein the
charging-control processor 1s further programmed to imple-
ment an Inverse of Polarization (IP) method.

17. The fast-charging system of claim 14, wherein the
charging-control processor 1s further programmed to 1mple-
ment both Non-Linear Voltammetry (NLV) charging and
Inverse ol Polarization (IP) charging, and dynamically
decide on which charging method to be implemented,
depending on adaptive requirements 1ssued from the charg-
ing system and/or on information on State of Health (SOH)
1ssued from the charging system and/or on calculated data on
variations ASOC 1n the State of Charge (SOC) of the battery.

18. The fast-charging system of claim 14, wherein the
system 1s configured for charging a rechargeable battery
among a group comprising of lithium-ion batteries, nickel-
metal hydride batteries (NiMH), nickel-cadmium batteries
(N1Cd), lead acid batteries (LAB) and sodium-based batter-
ies (NaS, NaNiCl2).
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19. A controller for controlling a system for fast-charging
a rechargeable battery from a power supply, the battery
having terminals connected to internal electrochemical cell
clectrodes and an 1nitial state of charge (SOC1), programmed
for:

detecting an existence of historical data on previous
charging operations for the battery,

in case ol detection, processing the historical data to
adjust charging parameters for optimizing the charging
operation; and

in absence of detection, electrically testing the battery to
get data on varnations of the state of charge (SOC) for
the battery, in view of building a learning model on the
SOC vaniations to be used for optimizing the charging
operation,

wherein the controller 1s further programmed to implement
a Non-Linear Voltammetry (NLV) method and to implement
the following steps:

a Linear Sweep Voltammetry (LSV) step, for a short
duration, the LSV step comprising an analysis of cur-
rent and voltage on battery terminals, and

a series of successive NLV steps, each NLV step being
assigned a next-set voltage and being followed by a
relaxation step for a relaxation time during which no
voltage and/or no current 1s applied to the battery
terminals, continuing until at least one exit-charging
criterion among a group ol exit-charging criteria 1is
reached.

20. The fast-charging controller of claim 19, further
programmed for processing battery system requirements in
view ol optimizing the charging operation.

21. The fast-charging controller of claim 19, further
programmed to implement an Inverse of Polarization (IP)
method.

22. The {fast-charging controller of claim 19, further
programmed to implement both Non-Linear Voltammetry
(NLV) charging and Inverse of Polarization (IP) charging,
and to dynamically decide on which charging method to be
implemented, depending on adaptive requirements 1ssued
from the charging system and/or on information on State of
Health (SOH) 1ssued from the battery system and/or on
calculated data on variations ASOC 1n the State of Charge
(SOC) of the battery.
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